I. INTRODUCTION
Innate immunity provides a nonspecific and generalized response to infection and/or injury resulting in the induction of a proinflammatory immune response. It is mediated by germ-line encoded receptors, which are found in varying forms in multicellular organisms and are conserved across evolution. Adaptive immunity, on the other hand, is restricted to jawed vertebrates and results in the generation of an antigen-specific immune response to pathogens or external insults. This is achieved by receptors that are generated by random genomic recombination of gene segments, which when assembled during the lymphocyte development can generate 10 9 -10 12 different receptor specificities.
The modern concept of innate immunity as we know it was first proposed by Charles Janeway in 1989 (124) . In short, he proposed that the immune system was able to discriminate self from non-self molecules, and this was key for generating an immune response. Specifically, host receptors, termed pattern recognition receptors (PRRs), recognize pathogen-associated molecular patterns (PAMP), which are uniquely expressed in microbes but not in vertebrates, and allow for initiation of an immune response during the course of an infection. Jules Hoffman, Bruno Lemaitre, and co-workers (160) discovered the first innate immune signaling receptor, Toll, in Drosophila melanogaster, showing the production of antimicrobial peptides to be dependent on the induction of a signaling cascade via the activation of Toll. Janeway's group (191) subsequently was able to identify a human homolog of the Toll protein, and Bruce Beutler and co-workers (229) demonstrated the first mammalian paradigm for innate immune signaling: the triggering of Toll-like receptor 4 (TLR4) by bacterial lipopolysaccharide (LPS).
With the increase in genome-sequencing projects, the information on innate immune receptors has rapidly expanded over the past decade and led to the identification of many innate receptors, which are currently classified into five families: Toll-like receptors (TLR), nucleotide-binding leucine-rich repeat-containing receptors (NLRs), retinoic acidinducible gene-I (RIG-I)-like receptors (RLRs), C-type lectins (CTLs), and absent-in-melanoma (AIM)-like receptors (ALRs). These receptor families provide an extensive array of defense receptors that respond to exogenous molecules and endogenous danger signals. TLRs that are expressed on the plasma membrane, including TLR1, 2, 4, 5, and 6, detect a variety of lipid-and protein-based ligands that are found in the extracellular milieu. Some TLRs, namely, TLR3 and TLR7-9, are important initiators of antivirus responses through their recognition of nucleic acids within the endosomal compartment. (137, 197, 208, 276 ) (9, 22, 126, 282, 288) important roles in developmental processes in mammals (148, 272, 298) . For example, NLRP5, NLRP7, NLRP12, and NLRP14 have been implicated in fetal development since mutations in some of these genes lead to sterility in mice and aberrant trophoblast and fetal development in humans.
A. Invertebrates
The number of NLR receptors expressed in a given species is markedly variable throughout biology. Because orthologs of NLRs have not been found in Drosophila and C. elegans, it was first thought that the NLR family originated with the teleost fish (73, 273) . However, sequence analysis of the sea urchin genome revealed that more than 200 NLR-like genes are present in this animal (104, 237, 261) . This led to a reconsideration of the evolutionary beginnings of the NLR family to a more ancient origin, and it is plausible to believe that precursors of NLRs exist in basal metazoans. Although NLRs bear strong similarities to the plant disease resistant (R) proteins (173) , the idea that NLRs and R genes shared a common ancestral gene prior to animal and plant divergence is very unlikely. Instead, it is more conceivable that the similarity of NLRs and R genes resulted from evolutionary convergency (154) . NOD-containing proteins are found in the genomes of the sea anemone Nematosella vectensis and Hydra magnipapillata, which contain roughly 72 and 290 genes, respectively (34, 234) . These species belong to the phylum cnidaria, whose evolutionary branch precedes the bilateria split, and they are considered to be one of the oldest metazoan on the planet. Although NOD-containing genes in H. magnipapillata lack the COOH-terminal LRRs and consist of only NH 2 -terminal DEATH domain fol- lowed by a NOD domain, they have been shown to interact with a DD or caspase recruitment domain (CARD)-containing protein in a complex that resembles inflammasomes in vertebrates. Moreover, the genome of an amphioxus (Branchiostoma floridae), a chephalochordata, contains a large repertoire of NOD-containing genes (115, 233) . This reinforces the idea that NLRs in vertebrates share a common ancestor in the basal metazoans, and the lack of NODcontaining proteins in Drosophila and C. elegans suggests that the protostome evolutionary branch lost this family of receptors (27) .
Due to a limited number of studies, it is unclear to what extent invertebrate NLRs function analogously to their mammalian counterparts. However, in vitro studies with a member of the hydra NLR-like proteins showed that transcript levels are altered upon stimulation with LPS or flagellin (154) . Furthermore, screening the H. magnipapillata genome for genes whose protein products may interact with NLR-like proteins found orthologs of NLR-chaperone HSP90, and cochaperones, Chp1 and SGT1. In addition, a gene with two DEATH-fold domains has been identified in the hydra genome that could function as an adaptor protein like ASC in mammalian inflammasome and serve as a bridge for hydra NLRs with downstream effector proteins like caspases or kinases (154) . Indeed, large complexes of hydra NLR with caspase-like proteins were demonstrated, which could be formed by direct or indirect homotypic interactions of DEATH domains. Although kinase-like proteins have also been found in hydra, these kinase-like proteins are not orthologs to RIP2 (kinase downstream of NOD1 and NOD2 signaling cascade in vertebrates) and are thought to be taxonomically restricted to hydra, but they may link hydra NLRs to putative NF-B and JNK pathways.
Interestingly, expression of NLRs in sea urchin appears to be restricted to the gut epithelial layer, whereas TLRs are mainly expressed in coelomocytes (phagocyte-like cells) (104) . The gut-restricted expression of NLRs in sea urchin suggests a possible role of this receptor family in maintaining the host-microbial symbiosis as well as to respond to pathogens, probably in a similar fashion to vertebrate NLRs expressed in the gut.
B. Vertebrates
Vertebrate NLRs have a common origin in teleost fishes. A remarkable similarity of the NLR family members in all vertebrate phyla exists. Differences are mainly observed in the number of genes, which is most likely due to gene duplication events that occurred in parallel during evolution, but the existence of orthologs are still a common feature in vertebrate NLRs. Teleost fish, however, possess an additional unique group of NLRs compared with other vertebrates, which is named NLR-group C in zebra fish. It consists of ϳ70 members and possesses an NH 2 -terminal PYD coupled with NACHT and followed by LRR domains with an additional COOH-terminal B30.2 domain (152, 266) . This unique NLRP-containing B30.2 domain in fish has been proposed to interact with ligands similar to TRIM proteins as it shares high identity to the B30.2 domain found in finTRIM. finTrim is, indeed, a gene family of TRIM proteins also restricted to teleost fish with a likely role in antiviral response (49, 188, 278, 279) . The function of this unique family of NLRs in fish is not yet known, but it has been suggested to regulate inflammation in a manner analogous to the pyrin protein (encoded by the Mediterranean fever gene, MEFV), which regulates inflammation by competitively binding ASC with its PYD domain and caspase-1 with its B30.2 domain (30, 95) . Caspase-1 is known to mediate the cleavage of pro-interleukin-1␤, which is primarily cytosolic and is not fully active until it is cleaved and transported out of the cell. Due to the importance of interleukin (IL)-1␤ in inflammatory processes in vertebrates, IL-1␤ nucleotide sequences have been characterized within a large number of mammal and nonmammal vertebrates (including chicken, fish, and Xenopus). Alignment of these sequences showed the presence of the caspase-1-specific cut site (aspartic acid) in all mammalian IL-1␤ sequences but not in all other vertebrate groups, suggesting differences in how the mammalian and nonmammalian pro-IL-1␤ are processed (20) . Indeed, a recent report showed that activation of caspase-1 in fish macrophages triggers cell death but is dispensable to the processing and secretion of IL-1␤ (14) .
NLRP and NLRC subfamilies comprise the larger number of members of the NLR family (20 human and 26 mouse). The NLRC subfamily consists of six members: NLRC1 (NOD1), NLRC2 (NOD2), NLRC3 (NOD3), NLRC4 (IPAF), NLRC5, and NLRX1. One of the characteristics of this subfamily is to have one or two NH 2 -terminal CARD domains, which recruit caspase-1 or kinases to mediate downstream signaling. However, NLRC3, NLRC5, and NLRX1 have undefined NH 2 -terminal domains and are grouped in this subfamily due to their phylogenetic relationship and homology (232, 252, 274) (FIGURE 1 ). The NLRC3 (NOD3) is conserved in vertebrates, and it appears to be basal to other NACHT-containing proteins found in tetrapods. Phylogenic analysis of the NACHT domain suggests that NLRC3 and CIITA originated by gene duplication before the divergence of tetrapods from bony fishes, while NOD1 and NOD2 might have originated by a duplication event before the divergence of birds and mammals (116) . NOD1 and NOD2 have been shown to be critical receptors of minimal peptidoglycan motifs of Gram-negative bacteria and Gram-positive bacteria (80, 81, 123) (FIGURE 3 ). These proteins are strategically expressed in the intestine at the front line of host-microbe interface and play an important role in maintaining gut homeostasis by preventing exacer-bated inflammatory response to commensal bacteria while protecting the host against invasion by enteric microbial pathogens. Indeed, mutation and polymorphisms in NOD1 and NOD2 have been associated with Crohn's disease (CD) and other inflammatory bowel disorders, most likely due to altered inflammatory immune response to commensal bacteria and/or enteric pathogens (16, 117) . NLRC3 has been proposed to be a negative regulator of T-cell activation and more recently to inhibit TLR4-dependent TRAF6 activation (251) . NLRC5 plays a role in MHC class I expression and in modulating inflammatory responses (17, 141) . Although NLRX1 has been proposed to play a role in viral immunity (6, 204) , in vivo studies using NLRX1-deficient mice did not support anti-viral immunity by NLRX1 (238, 260) . NLRC4, on the other hand, carries a NH 2 -terminal CARD domain and activates the inflammasome in response to bacterial flagella (11, 66, 199) . NLRP receptors are characterized by the presence of NH 2 -terminal Pyrin domain. Numbers of receptors and gene paralogs vary considerably between species (274). The phylogenic relationship of members of the NLRP subfamily is not well resolved, but it supports the hypothesis that extensive duplication of the mammalian NLRP genes occurred before the radiation of the eutherian (placental) order (116) . Few members have been studied in depth. NLRP1, NLRP3, and NLRP6 activate the inflammasome through the recruitment of the adaptor protein ASC to the Pyrin domain, which in turn activates caspase-1 leading to the processing and release of IL-1␤ and IL-18 (59, 179, 181, 
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Gram positive 182) and likely other targets (136) . Conversely, NLRP10 (that lacks an LRR domain) has been shown to be a negative regulator of the inflammasome (120) and an important initiator of adaptive immunity (58) . NLRP2 and NLRP12 also appear to be negative regulators of immune response by interfering with NF-B activation (9, 65, 295) . NLRP4, NLRP5, and NLPR7 have been reported to play roles in autophagy and in development (32, 42, 130, 148) , while NLRP9, NLRP11, and NLRP1 have been associated with autoimmune diseases in genetic studies (127, 176, 269) . Interestingly, Vasseur et al. (280) recently characterized sequence diversity in NLRs and reported that members of the NLRP subfamily have evolved under strong selective constraints, suggesting limit functional diversity (280) . This observation is consistent with the idea that NLRPs acquired functions that are essential for host survival and mutations have been rapidly removed from the population as a result of their highly deleterious effects. For instance, mutations in the NLRP3 have been associated with rare severe inflammatory disorders (3, 105) and shown to be subject to the highest degree of evolutionary constraint (280) . Considering this evolutionary constraint and the role of NLRPs in development/autophagy, it is likely that most NLRPs are key for cellular homeostasis and go functionally beyond classical innate immune receptors.
The only member of the NLRA subfamily is the MHC-II transactivator (CIITA), which is a critical regulator of the expression of MHC-II. The protein structure is characterized by a unique CARD and transactivation NH 2 -terminal domains followed by a central NACHT domain and LRR at the COOH terminus (172, 265) .
Finally, the members of the NLRB subfamily contain a baculoviral inhibition of apoptosis protein repeat (BIR) at the NH 2 terminus. The only member found in humans is NAIP, whereas six members are present in mice, NAIP1-6. They are known to trigger inflammasome activation in response to bacterial flagellin and components of bacterial type III secretion systems (143, 203, 239, 299) .
III. MODES OF NLR ACTION IN RESPONSE TO LIGANDS
A. Activation of the NF-B Pathway
Activation of the NF-B pathway is crucial in regulating and coordinating immune defense responses. In resting conditions, NF-B subunits are found in the cytosol in an inactive state, sequestered by the inhibitory IB proteins (99) . Activation by exposure to microbial insult results in phosphorylation and proteosomal degradation of the IB proteins, releasing NF-B dimers and allowing their entry into the nucleus to regulate cytokine gene expression (99) . Canonical activation of this pathway is mediated by IKK␣ and -␤, and the regulatory scaffolding protein NEMO (91) . (19, 45, 146) . Colonocytes depleted of cIAP1 or cIAP2 were defective in NOD signaling, whereas XIAP was required for the recruitment of linear ubiquitin chain assembly complex (LUBAC) to NOD2, driving a NOD2-mediated inflammatory signaling (19, 45, 146) .
The inability of RIP2-deficient mice to respond to NOD1 and NOD2 agonist underscores the importance of this downstream effector molecule in NLR signaling (221) . Moreover, the kinase domain of RIP2 is crucial to the stability and function of the molecule, as primary cells from Rip2 kinase-dead knock-in mice showed a decrease in RIP2 protein levels and could not be functionally rescued by RIP2 phosphomimetic mutations in its autophosphorylation site (212) . Finally, polyubiquitylation on autophosphorylated RIP2 by ITCH, an E3 ubiquitin ligase, was reported to inhibit NOD2-dependent NF-B signaling, possibly providing a cellular feedback mechanism (270) . Overall, modulation of RIP2 by various molecules may provide a mechanism for regulating NOD1 and NOD2 activity, and further studies will be required to understand these processes.
Various groups have actively examined entry of NOD ligands into the cytosol, and much is still unknown. The discovery of di-and tripeptide transporters at the plasma membrane that allow transport of bacterial derived peptidoglycan fragments into the cytosol suggest a mode of cytosolic entry for NOD ligands. The importance of these transporters in intestinal inflammation was initially described from studies characterizing the membrane transporter hPepT1 (196) . The ability hPepT1 (SLC15A1) to transport bacterial peptides, N-formylmethionyl-leucylphenylalanine (fMLP), MDPand L-Ala-␥-D-Glu-meso-diaminopimelic acid (Tri-DAP) in colonic cells provided clues for a mechanism involving NOD ligand entry into the cell (44, 196, 281) . Interestingly, hPepT1 expression was also upregulated during chronic inflammation, resulting in a robust activation of inflammatory pathways through innate sensors (195) . Similarly, studies using HEK293T cells demonstrated at the cellular level a clathrin-dependent endocytic route for entry of iE-DAP and MDP (158) . This study concluded that NOD1 ligands require further processing by endosomal enzymes prior to cytosolic entry and identified SLC15A4 as the likely endosomal oligopeptide transporter (158) . A recent study confirmed these findings and also suggested a role for SLC15A3 in this process (210) . Finally, in vivo studies have also supported these findings, as SCL15A4-deficient mice were impaired in NOD1-dependent cytokine production, suggesting that NOD1 ligand entry occurs through SLC15A4 (249) . Further studies will be required to determine if this entry of NOD ligands is present in other cell types such as primary cells that are less responsive to NOD ligands. (297) . Interestingly, controversial modulation of the NF-B signaling has been identified for NLRX1, NLRC5, and NLRP12 (171) . Surprisingly, a basal inflammatory defect was not reported in mice deficient for NLRX1 and NLRP12, suggesting further studies are needed to address the proposed function of these receptors as negative regulators (6, 9, 238, 260, 295) . Importantly, a large number of these studies have relied heavily on luciferase reporter assays (LRAs) to measure NF-B signaling, which have recently been shown to generate nonspecific artifactual results when assessing the inhibitory function of NLRs. Specifically, overexpression of NLRX1 and NLRC3 was shown to result in nonspecific posttranscriptional inhibition of LRAs (167) . Therefore, a more physiological evaluation of these receptors through in vivo studies is required to clarify the role of these receptors in NF-B signaling.
B. Other Signaling Transduction Pathways
In addition to NOD-induced NF-B activation, NOD1 and NOD2 mediate the activation MAPK signaling (p38, JNKs, and ERKs) resulting in subsequent secretion of proinflammatory cytokines (83, 121) . This pathway remains poorly characterized, but NOD1-and NOD2-dependent MAPK activation has been shown to involve similar components of the NF-B pathway such as RIP2 and TAK1 (222) . More recently, the antifungal protein CARD9 was implicated in this pathway by a direct interaction with NOD2 following challenge with L. monocytogenes (112) . Interestingly, phosphorylation of p38 after MDP stimulation in CARD9-deficient cells was impaired, suggesting that CARD9 may be part of the complex involved in the NOD2-dependent activation of MAPKs (112) . Proteomic profiling of MAPK activation induced by NOD ligands should be explored to identify potential molecules that intersect this pathway.
A role for NLRs in type I interferon pathways has also been suggested (245) . NOD2-deficient infected mice with RSV exhibited decreased type I IFN responses and increased viral pathogenesis (245) . Moreover, NOD2 has been reported to interact with 2=,5=-oligoadenylate synthetase type 2 (OAS2), an activator of RNAse L, which degrades viral RNA (110) . This study concluded NOD2 promotes OAS activity during stimulation with polyI:C, suggesting NOD2 binding results in the inhibition of viral replication (110) . NOD1 has also been shown to induce type I interferon through the activation of the ISGF3 pathway in response to Helicobacter pylori (285) .
NOD stimulation by their respective ligands has also been shown to be important for stem cell survival and activation.
A recent paper showed specific NOD2 expression within intestinal stem cells and that stimulation of NOD2 by MDP leads to enhanced stem cell survival and strong cytoprotection against oxidative stress-mediated cell death (214) . These data have important implications for intestinal restitution postinjury and are therefore very relevant to the pathogenesis of CD. In line with a role for NOD proteins in stem cells, another recent study showed that adult hematopoietic stem cells (HSC) within the bone marrow are mobilized to the spleen upon costimulation of both TLR4 and NOD1 receptors (29) . These HSCs within the spleen give rise to neutrophils and monocytes that help to restrict secondary bacterial infections.
Finally, investigation into indirect sensing by NLRs has been highlighted from studies demonstrating that NOD1 participates in effector-triggered immunity (75, 135 ). An initial study demonstrated that the effector protein GEF-H1, which activates host RhoGTPases, was required for NOD1-mediated NF-B activation during Shigella infection (75) . A subsequent study by Baulmer and co-workers (135) supports these observations and also demonstrated that NOD1 is responsible for sensing the activation state of various RhoGTPases. The study concluded that the Salmonella virulence factor SopE alters the activation of the RhoGTPases, Rac1 and Cdc42, which is sensed by NOD1 to induce NF-B-signaling by RIP2 (135) . This model is inconsistent with recent studies providing evidence for a direct interaction between NOD1 and its ligand Tri-DAP (155) . Future studies in RAC1-and Cdc42-deficient cells should be performed to address the strength of effectordriven immunity by NLRs in these models.
C. Inflammasome Assembly
The inflammasome is a multimeric protein complex that results in the activation of caspase-1 and leads to the maturation of the proinflammatory cytokines IL-1␤ and IL-18 (46) . Pyroptosis, which is a form of capase-1-dependent inflammatory cell death, can also occur in phagocytic cells as a consequence of inflammasome activation (151) . Members of the NLRs are central components of inflammasome activation as they serve as platforms for protein interactions with pro-caspase-1. Three of the four identified inflammasomes are regulated by NLR members (NLRP1, NLRP3, and NLRC4) and interact with the adaptor protein ASC (PYRIN-CARD containing protein) driving caspase-1 activity (148) . The fourth inflammasome is regulated by AIM2, which will not be discussed in this review. Activation of the inflammasome is initiated by the detection of various PAMPs and DAMPs by the NLR-sensing inflammasome proteins. Upon detection, NLRs oligomerize and recruit ASC through PYRIN-PYRIN domain interactions (46) . Subsequent binding of pro-caspase-1 to ASC through CARD-CARD domains results in inflammasome activation (148) . For NLRP1, ASC has been shown to be dispensable for inflammasome activation as NLRP1, in addition to containing a PYRIN domain, possesses a CARD domain that can directly interact with pro-caspase-1 (252) . Similarly, recent studies suggest that while ASC-dependent NLRC4 inflammasome activation is required for IL-1␤ processing, induction of pyroptosis in response to bacterial infection is ASC independent (200) . Interestingly, recent studies have identified numerous NLRP containing inflammasomes (NLRP6, NLRP7, and NLR12) that are being linked to inflammatory disease and tumorigenesis (244) . Cross-talk between "NLR gatekeepers" of the inflammasome will need to be addressed in future studies to understand the interplay between these multimeric complexes in mounting an efficient host response to a variety of stimuli.
NLRP1
NLRP1 was the first NLR characterized to form an inflammasome in vitro through the activation of caspase-1 in response to MDP (181) . NLRP1 is the only member to contain two distinct signaling domains, an NH 2 -terminal PY-RIN domain, and a COOH-terminal CARD domain (67) . Likewise, it is the sole member to possess a FIIND domain that is localized at the COOH terminus of the protein (67) . Recent studies by Frew et al. (72) and Finger et al. (63) demonstrate that cleavage of the FIIND domain is a requirement for proper NLRP1 activation, a posttranslation modification conserved in the mouse and human NLRP1 gene. Only a few PAMPs have been shown to trigger NLRP1 inflammasome activation. MDP and anthrax lethal factor, a Bacillus lethal toxin, are common stimuli that induce activation of this inflammasome (67) . The molecular components of the NLRP1 inflammasome were initially proposed to contain ASC, CARD8, caspase-1, and caspase-5 (181). This has been refined by Faustin et al. (60) who showed that caspase-1 interaction with NLRP1 (by means of CARD-CARD interaction) is the minimal requirement for inflammasome activation in response to MDP. Interestingly, ASC recruitment was not essential to the NLRP1 inflammasome but does enhance signaling when present (60) . Direct binding of MDP to NLRP1 has not been shown, and preliminary studies suggest a role for NOD2 in this pathway, as MDP is a NOD2 agonist (111). Hsu et al. provide evidence that NOD2 is able to selectively bind NLRP1 and caspase-1 during MDP stimulation, triggering activation of IL-1␤ and IL-18 (111) . Similar studies in NLRP1-and NOD2-deficient mice will clarify the role of NOD2 in NLRP1 inflammasome activation in response to MDP. Furthermore, whether NLRP1 triggers other than MDP and lethal factor exist is a potential focus for future research.
Three paralogs of the human NLRP1 gene exist in mice (NLRP1a, -1b, and -1c). The identification of Nlrp1b as the sensor of anthrax lethal factor has been elucidated due to variations of this allele in mouse strains (24) . Entry of anthrax lethal factor (LF) into the host cytosol leads to caspase-1 activation, driving IL-1␤ production and pyroptosis, a pathway dependent on the susceptible Nlrp1b allele (24) . In contrast, resistance to lethal factor is mediated by activation of caspase-1 and production of IL-1␤ through ASC (25) . Given that caspase-1-and IL-1␤-deficient mice are more susceptible to Bacillus anthracis infection, the protective nature of the Nlrp1b inflammasome is likely to promote both IL-1␤ secretion and induce pyroptosis. Interestingly, a recent study by Masters et al. (185) identified a role for the Nlrp1a inflammasome in the induction of pyroptosis in models of infection-induced cytopenias. Hematopoietic progenitor cells were found to undergo pyroptosis during periods of stress leading to a decrease in the total number of leukocytes and increased susceptibility to LCMV infection (185) . Interestingly, NLRP1-deficient mice were able to recover rapidly following LCMV infection, suggesting NLRP1 serves as a checkpoint for caspase-1 activity during infectious perturbations of hematopoietic cells (185) . Altogether, the exact molecular mechanisms governing the sensing of stimuli by the NLRP1 inflammasome remain largely unknown and require further biochemical approaches to identify the binding capacity of NLRP1 to its known ligands.
NLRP3
NLRP3 is one of the best-characterized members of NLRs that is capable of activating the inflammasomes. Numerous PAMPs and DAMPs derived from viruses (RNA), bacteria (pore-forming toxins), fungi (hyphae), and protozoa (haemozoin) have been identified as activators of the NLRP3 inflammasome (7, 129, 179, 257) . Likewise, extracellular ATP, hyaluronan, monosodium urate crystals, and ␤-amyloid, which are sterile activators derived from endogenous molecules, drive NLRP3 inflammasome activation (92, 100, 289) . Environmental irritants such as alum, asbestos, nanoparticles, and silica have also been demonstrated to activate the NLRP3 inflammasome (56, 109, 220, 292) . Given the variety of factors detected by NLRP3, it is widely believed that NLRP3 does not directly interact with any specific stimuli. Instead, a more feasible model predicts a common upstream signaling pathway is triggered by all known stimuli resulting in NLRP3 inflammasome activation.
Numerous groups in the field have debated mechanisms governing the formation and activation of the NLRP3 inflammasome. However, it is generally accepted that activation of caspase-1 by the NLRP3 inflammasome requires two triggering events: 1) NF-B activation to induce gene expression of NLRP3 and pro-IL-1␤ (and likely other caspase-1 substrates) and 2) stimuli-dependent activation of the NLRP3 inflammasome (46) . Trigger 1 is commonly referred as "priming" the inflammasome, as expression of precursor proteins (NLRP3, pro-IL-1␤, and other caspase-1 substrates), which are controlled through NF-B activation must first be expressed (46) . Microbial stimuli such as LPS are commonly employed as trigger 1 to activate NF-B leading to expression of pro-IL-1␤ and NLRP3 (67) . Trigger 2 is any of the stimuli discussed above that leads to the formation of the active inflammasome.
Three models have been proposed to account for the ability of numerous stimuli to activate the NLRP3 inflammasome. The first model suggests that stimuli such as ATP, which is released at high concentrations by dead or dying cells, binds the P2X7 receptor at the plasma membrane resulting in potassium ion efflux (67) . Subsequent studies have revealed that activation of the P2X7 channel induces opening of the pannexin-1 pore, which allows MAMPs and DAMPs to gain entry into the cytosol and encounter NLRP3 (223) . In contrast, pannexin-1-deficient cells do not inhibit NLRP3 activation when stimulated with ATP, suggesting the proposed existence of a channel for direct entry of microbial derived moities is probably an unlikely physiological event in NLRP3 inflammasome activation (236) . A large majority of known PAMPs and DAMPs engage NLRP3 in the cytosol requiring endocytic entry from the extracellular milieu. Not surprisingly, cytoskeleton disruption through the use of pharmacological inhibitors has been shown to disrupt NLRP3 activation for certain stimuli. Specifically, cathepsin B inhibitors, which prevent release of cathepsin B into the cytosol during lysosomal rupture, were found to inhibit inflammasome activation for certain stimuli (53) . An unknown mechanism remains to be elucidated for this model as cathepsin B-deficient cells show no dramatic difference in NLRP3 activation (50) . Finally, the last proposed model identifies reactive oxygen species (ROS) as a trigger for NLRP3 inflammasome activation, as inhibitors of ROS (DPI and L-NAC) are capable of dampening IL-1␤ production during ATP stimulation (50) . Recent studies revealed ROS production allows NLRP3 to interact with TXNIP, promoting NLRP3 dissociation from its inhibitor complex and inflammasome assembly (300) . Similarly, mitochondrial damage resulting in ROS production was shown to NLRs: CYTOSOLIC SENTINELS activate the inflammasome through mitochondrial release of oxidized mitochondrial DNA into the cytosol (209) . Altogether, the NLRP3 inflammasome integrates multiple signals to protect the host against different forms of cellular stress, and a common integrator of these pathways remains to be determined. Importantly, perturbation in cytosolic ion fluxes (calcium levels) has recently been proposed as a common upstream signal that all NLRP3 stimuli modulate to activate the inflammasome (described in a different section below) (157, 207, 242) . Future studies will need to investigate if other ionic molecules such as chloride ions are also actively engaged in NLRP3 inflammasome activation, as a balance of ion levels is tightly regulated to maintain cellular osmolarity and membrane potential.
Regulation of the NLRP3 inflammasome by non-NLR proteins [guanylate binding protein 5 (GBP5), promyelocytic leukemia protein (PML), and RNA-dependent protein kinase (PKR)] has more recently been demonstrated by several groups (168, 169, 254) . A study by Shenoy et al. (254) revealed GBP5 interacts with the PYRIN domain of NLRP3 and promotes ASC-dependent oligomerization and activation of the inflammasome. Importantly, GBP5 selectively interacts with NLRP3 in response to pathogenic bacteria and soluble ligands, but not with crystalline stimuli (254) . Similarly, Lo et al. (168) demonstrated that PML-deficient macrophages were impaired for IL-1␤ production and produced less mitochondrial ROS and mitochondrial DNA release. Finally, the RNA-dependent kinase PKR was identified as a general regulator of inflammasome activation, as PKR deficiency impaired the secretion of IL-1␤ in response to a wide variety of stimuli (169) . Activated PKR was shown to directly interact with NLRP3, NLRP1, NLRC4, and AIM-2 to promote inflammasome activation (169) . In contrast, He et al. (101) identified a role for PKR in LPSinduced NOS2 production and could not observe any defect in IL-1␤ secretion in two independent strains of PKR mice. Future studies will need to address this discrepancy between independent strains of mice and will require further investigation to delineate a clear role for PKR dependent inflammasome regulation.
In addition to inflammasome activation, several NLRs including NLRP3 mediate caspase-1-dependent cell death in phagocytic cells. Release of inflammatory cytokines and intracellular contents underlies this type of cell death termed "pyroptosis." Rapid membrane rupture and disruption of the actin cytoskeleton has been observed, suggesting cleavage of numerous cellular targets by caspase-1 (151) . Cell death by pyroptosis was initially described in macrophages infected with the Gram-negative bacteria Shigella flexneri and more recently has been confirmed to occur with a number of pathogens Listeria monocytogenes, Legionella pneumophila, Yersinia pseudotuberculosis, Pseudomonas aeruginosa, Burkholderia pseudomallei, and Francisella tularensis (37, 151) . More recently, the discovery that caspase-1-knockout mice were also deficient in caspase-11 has led to a reevaluation for the role of these caspases in pyroptosis (134) . Caspase-11-deficient cells were found to secrete IL-1␤ normally in response to ATP, suggesting the existence of a caspase-11 noncanonical inflammasome (134) . Furthermore, this caspase-11 noncanonical inflammasome was required for triggering macrophage pyroptosis by an unknown mechanism (134) . Subsequent reports from Aachoui et al. (1) demonstrate that caspase-11 protects against cytosolic bacteria as a delta SifA Salmonella mutant strain that localizes to the cytosol succumbs to caspase-11-dependent pyroptosis. Further work is required to identify the exact molecular target that activates caspase-11 and to identify possible caspase-11 substrates that promote pyroptosis. Members of the glycolytic pathway have been identified as caspase-1 substrates during pyroptosis in macrophages, indicating metabolic regulation may play a role in the elimination of pathogenic bacteria during this inflammatory driven cell death (253).
NLRC4
NLRC4 is the only member of the NLR inflammasomes that lacks a PYRIN domain. This CARD-containing inflammasome has been shown to directly bind pro-caspase-1 through homotypic CARD-CARD interactions resulting in caspase-1 activation and pyroptosis (148, 151) . In contrast, recruitment of ASC to the NLRC4 inflammasome has been associated with increased cytokine processing rather than pyroptosis (178) . Purified flagellin as well as numerous pathogenic bacteria such as P. aeruginosa, Legionella pneumophila, Shigella flexneri, and Salmonella enterica are well known activators of the NLRC4 inflammasome in macrophages (67) . Leakage of flagellin from bacterial secretion systems (type III or IV) found in pathogenic bacteria has been proposed as possible mechanisms for NLRC4 inflammasome activation. However, flagellar-deficient strains, such as Shigella, were still found to trigger caspase-1 activation of IL-1␤ via the NLRC4 inflammasome (268) . Indeed, further dissection of this pathway resulted in the observation that basal body PrJ-like proteins (found in the type III secretion system), homologous to segments of flagellin, could also activate the NLRC4 inflammasome (201) . This promoted investigation into the selective sensing of flagellin and PrJ-like proteins by NLRC4. Insights into this mechanism were elucidated by identifying another member of the NLR family, Naip5, which interacts with flagellin (166) . Complementary studies now suggest distinct Naips interact with NLRC4 in a stimuli-dependent manner to fine tune NLRC4 inflammasome activation (143, 299) . Specifically, Zhao et al. (299) and Kofoed et al. (143) demonstrated that flagellin binds Naip5 and Naip6, whereas Naip2 interacts with PrgJ-like proteins upstream of NLRC4. The relevance of this model in human cells remains to be elucidated as only one NAIP gene is present in humans and has been shown to interact with CprI, a subunit of the secretion system of Chromobacterium violaceum (299) . Fu-ture studies in human cell lines will be required to identify the existence of NAIP-like proteins that can selectively induce inflamasomme activation through NLRC4.
Analogous to identification of PKR as an upstream regulator of the NLRP3 inflammasome, PKC-dependent phosphorylation has also been shown to specifically modulate the NLRC4 inflammasome (235). Qu et al. (235) report PKC phosphorylates serine-533 of NLRC4 in response to Salmonella, a posttranslational modification that is critical for assembly of the NLRC4 inflammasome. Future studies should address if this recently identified posttranslational modification provides a molecular target for pathogenic bacteria to subvert NLRC4 inflammasome activation to sustain pathogenesis.
Host discrimination of commensal versus pathogenic bacteria in the gut has been a long-standing question in the field of immunology. Intestinal phagocytes are constantly bombarded with bacterial components from commensal bacteria but have been found to be hyporesponsive to microbial stimuli such as TLR ligands (142) . Interestingly, the NLRC4 inflammasome has been shown to induce caspase-1 pyroptosis in macrophages when infected with pathogenic bacteria such as Salmonella, L. pneumophila, and Francisella tularensis (67) . A recent study by Franchi et al. (68) provided evidence that the NLRC4 inflammasome mediates a proinflammatory benefit against pathogenic bacteria but not commensal microbes in the intestine. Indeed, Salmonella infection of resident phagocytes in the intestine produced IL-1␤ via the NLRC4 inflammasome, whereas phagocytes were unresponsive to infection by commensal bacteria (68) . The molecular mechanism governing this discrimination remains to be explored, and future studies should investigate a possible role of the recently identified kinases, PKR and PKC, in this pathway.
Another important question is whether NLRs determine or impact on the composition of commensal bacteria in the gut. Previous research in naive wild-type or gene-targeted mouse strains has provided controversial results (23, 226, 241) . Differences in the methodology, mouse breeding and housing, sampling location, and techniques used for microbial analysis make it difficult to draw comparable conclusions from these studies. The role of NLRs in host-gut microbiota interaction is an exciting growing research area that deserves further attention. However, published data suggest a great degree of variation in the composition of the microbiota even in wild-type naive mice. It will be important to define robust methodologies to establish baseline conditions and to determine housing and co-housing strategies as well as how littermate controls should be chosen to gain meaningful insights on the links between NLRs, microbiota, and likely chronic inflammatory diseases in the future.
Emerging inflammasomes: NLRP6, NLRP7, and NLRP12
Recent developments characterizing the PYRIN containing NLRP members have revealed other members in addition to NLRP1 and NLRP3 are able to form inflammasomes. Initial in vitro studies associated NLRP6, also known as PYPFA5, as an activator of caspase-1 when coexpressed with ASC (194) . Expression of NLRP6 is predominately localized in intestinal tissue and has recently been shown to play a role in modulating intestinal homeostasis and inflammation-driven tumorigenesis. Susceptibility to DSS-induced colitis was observed in three independently generated strains of NLRP6-deficient mice resulting in enhanced inflammation and accelerated tumor growth compared with WT mice (35, 59, 215) . Specifically, Elinav et al. (59) reported NLRP6-deficient colonic epithelial cells produced lower levels of IL-18 during DSS-induced colitis and found an altered microbiota in these mice, favoring the expansion of Bacteroidetes (Prevotellaceae). Interestingly, a recent study examined the role of NLRP6 in microbial infections and demonstrated NLRP6 inhibits clearance of infectious bacteria (12) . Mice deficient in NLRP6 induced robust levels of NF-B and were found highly resistant to infection with Listeria monocytogenes, Salmonella typhimurium, and Escherichia coli (12) . The role of NLRP6 seems to be closely tied to inflammatory pathways in the intestine that may be beneficial or deleterious depending on the underlying host stimulus.
Similar to NLRP6, coexpression of NLRP12 and ASC was also reported to result in the induction of caspase-1 (284) . Surprisingly, only one study has confirmed these findings in NLRP12-deficient mice, providing evidence that NLRP12 is indispensable for IL-1␤ and IL-18 production during infection with Yersina (282). In contrast, other groups have reported NLRP12 as a negative regulator of colonic driven inflammation and tumorigenesis induced by DSS and AOM (9, 295) . Further experimental mouse models will be required to resolve these findings.
Finally, NLRP7 in human macrophages has been described to recognize fragments of microbial lipoproteins and drive ASC-dependent caspase-1 activation of IL-1␤ and IL-18 (137) . Similar experiments in NLRP7-deficient mice will allow further dissection of this recently defined NLRP-containing inflammasome. Altogether, ongoing studies will need to decipher the interplay between the numerous types of NLR inflammasomes as simultaneous activation of these multimeric complexes may occur under stress conditions.
D. Transcription Machinery
An important function attributed to the NLR family is the transcriptional regulation of MHC class I and II expression.
NLRs: CYTOSOLIC SENTINELS
Mutation in the class II transactivator (CIITA) gene has been shown more than two decades ago to be associated with bare lymphocyte syndrome while complementary in vitro experiments demonstrated that CIITA acts as a master switch for the constitutive and inducible expression of MHC-II genes (265) . In humans, CIITA was also found to have a role in the transcription regulation of MHC class I genes (85) . However, this function was not observed in mice lacking CIITA, which display defective MHC-II expression but normal levels of MHC-I expression (33) . These findings suggest the involvement of additional factors in controlling MHC-I expression across species or even cell types.
Recent emerging data have shown that NLRC5 has a crucial role in the in vivo and in vitro regulation of MHC-I transcription. Interestingly, NLRC5 and CIITA share structural similarities, a nuclear localization signal (NLS), and are found to shuttle between the cytoplasm and the nucleus (192) . Furthermore, they do not seem to directly interact with DNA binding motifs, but to cooperate with conserved MHC promoter regulatory elements (192) . Transcription of both MHC-I and -II is under control of cis-acting regulatory elements at the proximal promoters. Cis-acting elements in MHC-I promoter consists of enhancer A, which contains NF-B binding sites, an IFN-stimulated response element (ISRE), and an SXY module, which is comprised of the W/S, X1, X2, and Y boxes (277) . In contrast, the promoter of MHC-II genes contains only the SXY module. MHC-I and -II expression depends on several transcription factors that bind to these specific regulatory elements in the MHC promoter such as NF-B, IFN regulatory factor (IRF) family, regulatory factor X (RFX), cAMP-responsive-element-binding protein 1 (CREB1), activating transcription factor 1 (ATF1), and nuclear transcription factor Y (NFY) (141) . However, regulated MHC expression requires the presence of the NLR transactivators CIITA and NLRC5.
NLRC5 is constitutively expressed in different tissues, but it is dominantly expressed in hematopoietic cells (17) , especially in lymphocytes. NLRC5 expression can be induced efficiently by interferon (IFN)-␥ through the activation of STAT1 (192) . Additionally, NLRC5 can be upregulated modestly by IFN-␤, poly I:C, LPS, and virus infection (147, 211) . Interestingly, a mutation in Walker A motif was found to abrogate NLRC5 translocation, indicating that NTP binding is necessary for possible conformational changes that permit import of NLRC5 into the nucleus (192, 211) .
Compared with CIITA, the MHC-II enhanceosome consists of many transcription factors that together bind to the only DNA SXY module including RFXs, CREB1-ATF1, and NFY factors. CIITA interacts with these SXY module-associated factors stabilizing promoter occupancy and acting as a platform for the recruitment of many transcriptional coactivators, which stabilizes and modulates the activity of the MHC-II enhanceosome. CIITA is constitutively expressed in APC cells and is also induced in nonhematopoietic by IFN-␥. It has been demonstrated that transforming growth factor (TGF)-␤ and IL-10 can downregulate the expression of CIITA induced by IFN-␥ (216). Furthermore, CIITA transcription is regulated by alternative promoters that transcribe three different isoforms in a cell type-and stimulus-specific manner. These isoforms differ in their NH 2 -terminal domain (205) : the NH 2 -terminal CARD domain of the CIITA is only expressed by the isoform found in dendritic cells, whereas an isoform lacking the NH 2 -terminal CARD domain is mainly expressed in B cells and upon IFN-␥-induced CIITA expression (205) . These observations show that regulation of MHC-II genes by CIITA is complex and is dynamically regulated to ensure proper temporal and cell specific expression, probably to avoid unwanted presentation of MHC-II restricted antigen by other cell types.
E. Autophagy
Autophagy has been described as a bulk cytoplasmic degradation system for maintaining cellular homeostasis. Basal autophagy normally occurs under physiological conditions and is regulated through mTOR, to replenish nutrients such as amino acids through protein turnover. More recently, selective autophagy has been demonstrated to target a wide range of cellular compartments such as mitochondria (mitophagy), endoplasmic reticulum (reticulophagy), and peroxisomes (pexophagy) (47) . Importantly, a role for autophagy in innate immunity has been proposed, called "xenophagy," which is an autophagic pathway that targets intracellular bacteria and viruses (47) . This highly conserved process has been shown to be mediated by ATG proteins that engulf cytoplasmic regions or organelles by forming double membrane compartments (autophagosomes) (48) . Subsequent fusion with lysosomal vesicles results in the degradation of the autophagosome cargo. Thus the autophagic pathway represents another arm in host defense against cytoinvasive bacteria.
The interplay between cytoplasmic PRRs and autophagy has remained elusive for a number of years. Interestingly, genome-wide association studies (GWAS) have associated these processes by identifying the NOD2 and ATG16L1 genes as risk alleles associated with CD, a type of inflammatory bowel disease (94, 163 Controversy exists concerning the role of RIP2 in autophagy pathways stimulated by NOD2. Indeed, RIP2 was shown to be required for MDP-driven autophagy (40, 106) but dispensable for autophagy directed towards intracellular Shigella (275) . These observations are consistent with the idea that MDP-stimulated autophagy likely proceeds through RIP2-dependent activation of p38 MAPK, whereas autophagy to Shigella requires directed NOD-dependent recruitment of the autophagy machinery through interaction with ATG16L1.
Recently, the NOD-dependent interaction with ATG16L1 was found to have additional effects on the host response to bacterial infection. Indeed, NOD interaction with ATG16L1 was shown to dampen cytokine production by NOD ligands as well as following bacterial infection (262) . This effect of ATG16L1 on NOD-dependent signaling was independent of autophagy and involved interference of RIP2 ubiquitination. Furthermore, the CD-associated variant of ATG16L1 was compromised in its ability to dampen cytokine signaling, thereby providing additional insight into the influence of this genetic variant on disease pathogenesis. In agreement with these observations, Plantinga et al. (228) revealed that individuals with the CD-associated variant in ATG16L1 have heightened cytokine responses following MDP stimulation (228) . Further studies will be needed to further evaluate the potential role of this recently identified NLR-mediated autophagy pathway in the pathophysiology of CD.
In addition to NOD modulation of the autophagic pathway, NLRX1, a recently identified mitochondrial NLR, has been linked to vesicular stomatitis virurs (VSV)-induced autophagy (159). Lei et al. (159) propose NLRX1 forms a multimeric complex with the cytosolic proteins ATG5-ATG12 and ATG16L1 upon stimulation with dsRNA. Mass spectrometry using exogenous NLRX1 constructs revealed TUFM, a mitochondrial matrix protein, as the adaptor molecule linking NLRX1 to the cytosolic ATG proteins that initiate an autophagic response (159) . The physiological mechanism remains puzzling, however, as TUFM and ATG-like proteins exist in different cellular compartments under physiological conditions. A similar finding linking NLRX1 with the cytosolic facing MAVS protein remains highly controversial, and further investigation is needed to define the exact function of NLRX1 (6, 204, 238, 260) .
NLRP4 has been the only NLR shown to negatively regulate autophagy by interacting with Beclin-1, a central member coordinating the autophagic machinery (130) . More recently, a concomitant role between activation of the NLRP3 inflammasome and autophagy has been considered. Primary studies have revealed induction of the NLRP3 inflammasome in macrophages elicits autophagosome formation, leading to ubiquination and p62 targeting of assembled inflammasome complexes (255) . In addition, removal of pro-IL-1␤ molecules by autophagy has been demonstrated, and mice deficient in ATG16L1, a crucial component of the autophagy machinery, exhibit increased IL-1␤ levels in response to stimulation (97, 246) . Interestingly, removal of damage mitochondrial by autophagy has also been postulated as a mechanism to dampen IL-1␤ production, thus eliminating mitochondrial ROS, a signal required for inflammasome activation (300) . Further studies will be required to address this dynamic interplay between autophagy and dampening of the inflammasome in the context of bacterial pathogenesis in the gut.
F. NLR Response to Cellular Metabolic and Ionic Changes
Ion influxes
Specific ion channels localized at the plasma membrane tightly regulate the ionic concentration within the cell. Generally, these channels are voltage gated to preserve balance of ion fluxes and maintain an established membrane potential. Uncontrolled perturbations in ion fluxes result in catastrophic cellular events that culminate in cell death (153) . Most notably, mobilization of intracellular K ϩ has been well established as a mediator for the maturation of the proinflammatory cytokine IL-1␤ (225) . These early studies proposed stimulation with the K ϩ /H ϩ ionophore nigericin resulted in K ϩ efflux and led to IL-1␤ cytokine production. Interestingly, follow-up studies revealed high extracellular levels of potassium ions could block activation by NLRP3 inflammasome induced by various stimuli, suggesting K ϩ efflux as an upstream activator of NLRP3 (227) . A unifying theory now proposes that permeation of the cell membrane to K ϩ is the sole determinant for NLRP3-dependent IL-1␤ production (206) . In addition, mobilization of intracellular calcium has also been shown to result in mitochondrial ROS production and necrotic cell death (156) . More recently, several groups have reported a model where the NLRP3 inflammasome is activated in response to elevated calcium (207) . Murakami et al. (207) demonstrated that multiple known NLRP3 stimuli induce calcium signaling and provided a mechanism where increased cytosolic calcium released from the ER causes mitochondria damage (increased ROS) and mitochondrial DNA release to activate the inflammasome. Follow-up studies by two independent groups identify calcium receptors CASR (calcium-sensing receptor) and GPCR6A as likely upstream channels that activate the NLRP3 inflammasome through PLC, a signaling molecule that releases calcium from the ER (157, 242) . The ability of specific ions to regulate PRR signaling is an intriguing finding and could represent a potential host-defense mechanism that serves as an early warning signal against foreign agents.
Mitochondria/glucose
The metabolic status of a cell is tightly regulated by a number of host processes that ultimately govern the fate of the cell. These cellular pathways have been well established, but their involvement in innate immunity remains poorly studied. The impact of PRR signaling as sensors for metabolic perturbations was initially described in studies looking at activation of the inflammasome through ATP or ROS production. Subsequent studies have identified defective mitochondria as a major source of ROS production, triggering inflammasome activation through the release of mitochondrial DNA (256) .
The direct sensing of other metabolites generated upstream or downstream of mitochondrial bioenergetic processes remains to be elucidated. Nevertheless, certain NLR family members such as NLRX1 and NLRP5 are potential candidates as they have been linked to alterations in mitochondrial dynamics. Fernandes et al. (62) have described a role for NLRP5 in maintaining proper mitochondrial function. Disruption of the Nlrp5 maternal gene in oocytes results in robust mitochondrial activation as indicated by accumulation of ROS, driving mitochondrial cell death and depletion (62) . Similarly, NLRX1 has been demonstrated to directly target the mitochondria and is found in the mitochondrial matrix, a cellular compartment that is a major reservoir of ROS (15) . Interestingly, NLRX1 has been shown to potentiate ROS production and was found to interact with a mitochondrial matrix protein, UQCRC2, well known to play a role in mitochondrial ROS production during oxidative respiration (15, 271) . NLRX1 represents a primary molecule that may participate as a direct sensor of byproducts from mitochondrial processes. Finally, metabolic shifts have recently been shown to regulate the NLRP1b inflammasome, as glucose starvation leading to a decrease in the level of cytosolic ATP activates this inflammasome (165) . Altogether, a growing field of evidence suggests the interplay between PRR signaling and cellular metabolic pathways are crucial to the host when mounting an appropriate response. Preliminary studies suggest a crosstalk exists between these pathways, and future studies will need to tease apart this dynamic relationship in a controlled manner.
Endoplasmic reticulum stress
The endoplasmic reticulum (ER) represents a platform for cellular trafficking of nascent polypeptides or proteins of the secretory pathway. Increased cellular demands lead to overwhelming of the ER, resulting in the accumulation of unfolded proteins. A response to this ER stress has been extensively studied and leads to the activation of the unfolded protein response (UPR) (103) . Three ER sensors, IRE1␣, PERK, and ATF6, promote the UPR pathway and alleviate ER stress by increasing transcription of ER chaperones or inducing pathways to release proteins from the ER for cytosolic degradation (96, 293) . More recently, transient or prolonged activation of the UPR has been described to occur in beta cells involving different downstream consequences on the host. Separate studies by Lerner et al. (162) and Oslowski et al. (218) reveal transient or an "adaptive" UPR response is dependent on the activation of all three ER sensors, whereas prolonged or "chronic" UPR activation leads to a terminal UPR response that only requires IRE1␣ and PERK (162, 218) . Importantly, chronic UPR activation was demonstrated to result in sterile inflammation driven through activation of the NLRP3 inflammasome (162) . A model is proposed where chronic UPR activation leads to the induction of TXNIP, which then interacts with NLRP3 to promote caspase-1 activation and programmed cell death (162) . Destruction of beta cells has been linked to diabetes, as beta cells are the major cell type involved in the secretion of insulin into the bloodstream (4). The identification of this important pathway links NLRP3 as a potential target for effective treatment against diabetes. More importantly, the induction of sterile inflammation from the ER provides another cellular compartment that needs to be reexamined for a potential role in the activation of other NLR-containing inflammasomes.
IV. BRIDGING INNATE-ADAPTIVE IMMUNITY
The mammalian immune system consists of two interrelated arms: the innate immune system and the adaptive immune system. The innate immune system recognizes foreign and microbial products through germline-encoded receptors that almost immediately trigger an inflammatory response upon detection. The adaptive immune response arm, on the other hand, recognizes antigen through somatic rearrangement of receptor genes, which are generated during lymphocyte development. Recognition of microbial antigens by these receptors requires antigen processing by antigen presenting cells that brings about a delay in the response and the participation of the adaptive immune system during the host first-time encounter with antigen. This first encounter and response to the antigen by the adaptive immune response generates memory lymphocytes with the ability to promote a much faster and stronger immune response during subsequent encounters with the same antigen. This phenomenon is known as immunological memory, and the quality, type, and strength of memory responses is directly related to how the innate immune system "instructs" lymphocytes both at the primary and secondary immune responses.
This presupposes the ability of the innate immune cells to promote different responses to distinct microorganisms and ligands with profound consequences to the nature and the kind of adaptive immune response (FIGURE 4). More than 20 years ago Janeway (124) proposed that due to randomly generated receptors with limitless specificities for antigen recognition of the adaptive immune system, it cannot reliably distinguish between self and non-self antigens. Therefore, adaptive immune cells must be instructed as to the origin of an antigen by a system that can determine whether an antigen is derived from self, infectious agents, or innocuous. Today we know that this is highly achieved by the existence of the numerous PPRs that recognize microbial PAMPs, which are structures unique to classes of infections microbes and absent from eukaryotic cells.
Toll-like receptors have been shown to be determinants in bridging the innate and adaptive immune response, including the generation of distinct Th responses, differentiation of cytotoxic T cells, class switching of antibodies, and protection from reinfection (219) . However, mice lacking MyD88 and TRIF molecules, critical signaling components of TLR, are not responsive to TLR ligands but yet mount robust antibody responses to T cell-dependent antigens 
A. NLRP3
The NLRs are now known to be not only important players in controlling infection to intracellular bacteria or responding to danger but also to be important in shaping the class of adaptive immune responses. In fact, aluminium or aluminium-containing adjuvants activate the NLRP3 inflammasome and result in the production of proinflammatory cytokines. Humoral adaptive responses elicited by alum were first shown to be dependent on NLRP3 (56, 144, 164) , but the impaired antibody response observed in NLRP3-deficient mice was not reproduced in other studies (69, 190) . Although it seems clear that NLRP3 is activated by alum, the molecular mechanism underlying its adjuvant activity and modulation of the adaptive immune response deserves further investigation (263). Marichal et al. (180) have proposed that alum causes cell death and subsequent release of host cell DNA in mice, which is likely to account for the adjuvant activity of aluminum-based adjuvants.
Besides being critical to initiate humoral and cellular immunity in response to alum, NLRP3 has also been shown to be important in response to cellular damage signals: ATP levels, crystalline uric acid, cholesterol crystals, and reactive oxygen species (52, 179, 183, 267, 300) . Interestingly, NLRP3-mediated IL-1␤ response in dendritic cells primes and differentiates IFN-␥-producing CD8 ϩ T cells in response to dying tumor cells, suggesting that NLRP3 also plays a critical role on the adaptive immunity to tumors (79) . NLRP3 is an important downstream molecule to cellular damage signals, which processes and releases IL-1␤ upon activation and promotes an inflammatory milieu. It is conceivable that NLRP3-dependent IL-1␤ release contributes to activation and differentiation of T-cell responses, but it is more likely that it acts in conjunction with other signals to elicit a robust adaptive immune response, such as host DNA released from dead cells.
B. NOD1 and NOD2
Mutations in the NOD2 gene have been identified and associated with susceptibility to CD (117) and later shown to regulate innate and adaptive immune responses in the intestinal tract (140) . NOD2 is activated by MDP that leads to a cascade of events triggered by the activation of the downstream kinase RIP2, which culminates with NF-B activation (81, 123) . Interestingly, activation of NOD2 by MDP profoundly affects the outcome of adaptive immune response, which seems to predominantly develop Th2-like immunity. Furthermore, NOD2-deficient mice also show impaired immune response to antigen given emulsified with complete Freund's adjuvant (174) . This suggests that NOD2 stimulation is not only important to differentiate Th2 immune responses but also to synergize with TLR agonists to promote a more efficient immune response. Moreover, NOD2-mediated responses to the gut microbiota are likely to be skewed towards Th2, which is also thought to counter balance pathological inflammatory Th1 responses elicited by bacteria and exacerbated in CD patients that carry mutations in NOD2 gene. Thus NOD2 signaling appears to be crucial to maintain the gut homeostasis in response to the microbiota.
NOD1-deficient mice also show similar impairment to differentiate Th2-like responses (74) . The mechanism by which NOD2 and NOD1 stimulation trigger Th2 differentiation is via the activation of stromal cells that transactivate DCs leading to the differentiation of T cells towards Th2 immunity. Direct activation of DCs by NOD1/NOD2 agonists is not sufficient to promote fully differentiated Th2 responses. On the other hand, stromal-derived molecules like TSLP upregulate OX40L on DCs and seem to condition the DC into a Th2-prone antigen presenting cell upon NOD1/NOD2 stimulation (175) . Given the specificity of NOD2 to MDP (81) and NOD1 to DAP (31, 80) ligands, Th2 differentiation by these molecules is nonredundant and is likely to be important in fine tuning immune responses to distinct classes of bacteria.
NLRP10 has been recently shown to play an important role in priming and promoting robust CD4 response to diverse array of adjuvants, including LPS, alum, and CFA. Interestingly, NLRP10 is the only NLR lacking the putative leucine-rich repeat domain and has been suggested to be a negative regulator of others NLR members (89) . However, no evidence for altered IL-1␤, tumor necrosis factor (TNF)-␣, and IL-6 was observed in NLRP10-deficient mice upon TLR agonists or NLRP3 inflammasome activators (57, 128) . Immunization of NLRP10Ϫ/Ϫ mice with T-dependent and T-independent antigens showed a defect in mounting a proper humoral immune response to T-dependent but not to T-independent antigens, which implicates unaltered response in NLRP10Ϫ/Ϫ B cells. The global defect of NLRP10Ϫ/Ϫ mice in T-dependent humoral immunity appears to be due to the inability of DCs lacking NLRP10 to emigrate from inflamed tissues and transport antigens to the draining lymph nodes to prime naive CD4 cells (58) . This also translates to the inability of NLRP10 mice to mount a protective immune response to fungal infection (128) . Further research is required to delineate the mechanism of how NLRP10 contributes to DC migration and recruitment.
C. NLRC5 and CIITA
Two other members of the NLR family, NLRC5 and CIITA, play a major role in the adaptive immune response not by directly initiating inflammatory responses to microbes but by controlling the expression of MHC class I and class II, respectively (33, 265) . In the absence of MHC-II expression, CD4 ϩ T cells are not positively selected in the thymus; therefore, nearly no mature CD4 ϩ T cells are found in the periphery. CIITA mutations in humans, however, do not lead to a complete abrogation of MHC class II and a residual expression of MHC-II is sufficient to select and maintain a small pool of CD4 ϩ T cells. Nevertheless, this drastic reduction in CD4 ϩ T numbers results in an inability to generate robust helper T-and B-cell responses, leading to severe immunodeficiency and eventually death (33, 172, 287) .
Defective class I regulation in NLRC5 knockout mice has been shown to impair the generation and proper response of CD8 ϩ T cells. The numbers of CD8 ϩ T cells are only mildly reduced in spleen, lymph node, and liver of NLRC5Ϫ/Ϫ mice (21, 240, 264, 291) , in contrast to severely reduced number of CD8 ϩ T cells in mice lacking MHC class I expression due to mutations in the ␤2-m gene (301) . However, the lack of NLRC5 impairs the ability to induce antigen-specific CD8
ϩ T-cell activation as evidenced by reduced IFN-␥ and cytolytic activity (21, 264, 291) . Therefore, NLRC5-deficient mice are most likely to be susceptible to infections that require CD8 ϩ T-cell response, as illustrated by Listeria monocytogenes infection showing poorly activated CD8
ϩ T cells and increased loads of bacteria in the liver and spleen of NLRC5 knockout mice (291) . NLRC5 has also been shown to negatively regulate inflammatory pathways upon IFN-␥ stimulation most likely through transcription repression of NF-B, AP-1, and type I IFN pathways (17, 43) . In addition, NLRC5 might inhibit NLRP3-mediated inflammasome activity or innate responses to virus and bacteria, but the underlying mechanism is still unclear (149, 193) .
V. NLRs IN DISEASE
Mutations in a number of NLR genes are associated with chronic inflammatory diseases in humans. The NLR family has been subjected to evolutionary selective pressures to respond to pathogens, but its ancient origin and its role in cellular distress responses, metabolic dysregulation, and developmental malfunctions might also suggest an evolutionary path to maintain host homeostasis. Therefore, mutations in some NLR family members are more likely to be detrimental for the host rather than promoting selective advantage against pathogen infections. Vasseur et al. (280) have recently reported that sequence diversity in NLRs compared with other PRR families (TLR and RLR) suggests that NLRPs in particular have evolved under strong selective constraints, whereas NOD subfamily members are subjected to more relaxed selective constraints. Moreover, endosomal TLRs and NLRPs were found to evolve under stronger constrained selection than the NOD subfamily and cell surface TLR and RLR receptors. Taken together, these observations suggest that NLRPs might exert more essential and broader functions than previously thought, whereas redundancy in signaling pathways might exist between NOD subfamily members and other PRR receptors (280) .
A. Bare Lymphocyte Syndrome Type II
The first member of the NLRs to be found associated with human disease was CIITA. The gene was found to be associated with hereditary MHC class II deficiency, or bare lymphocyte syndrome type II (BLS), a severe primary immunodeficiency disease. Clinical symptoms of BLS vary from recurrent bacterial infection, diarrhea, mucocutaneous candidiasis, and interstitial pneumonia. Interestingly, immunodeficiency in BLS patients due to mutations in the CIITA gene are not linked to impaired innate responses to pathogens but to the inappropriate expression of MHC class II that affects the development and function of CD4 T cells (172) . The main variation in the CIITA gene linked to BSL is a splice donor site mutation that results in exon skipping and a 24-amino acid deletion, leading to the loss of the transactivator function of the molecule (265) . Three other mutations associated with BSL have been described in the CIITA gene: 1) nonsense mutation, G2178A, leading to a premature stop codon; 2) in-frame deletion of the nucleotides 3003-3084, corresponding to the exon coding from L964/to D991, and 3) deletion CATdel3193-5 of the isoleucine codon at position 1027. In addition, one patient has been reported to have profoundly decreased levels of CIITA transcripts, but no associated polymorphism was found in the 4.5-kb cDNA of the CIITA gene, which suggests a CIITA dysfunction due to putative mutation in Cys-regulatory sequences of the gene (55).
B. Inflammatory Bowel Disease and Microbiota
Inflammatory bowel disease (IBD) is a chronic disease that affects the intestinal tract. The two major clinically defined forms of IBD are ulcerative colitis (UC) and CD. Although the two forms share many clinical and pathological characteristics, they have markedly different features and are believed to be two distinct pathological diseases. Briefly, UC is characterized by prominent inflammatory process on the colonic mucosal, involving the rectum and extending proximally in a continuous fashion, yet mostly restricted to the colon. On the other hand, CD may affect the entire intestinal tract with the presence of segments of normal bowel between affected regions. Histological features of UC are characterized by superficial layers (mucosal) with infiltration of lymphocytes and granulocytes and loss of globet cells, whereas CD shows transmural inflammation, dense infiltration of lymphocytes, presence of granulomas, fissuring ulceration, and submucosal fibrosis (177) .
NLRs: CYTOSOLIC SENTINELS
IBD is linked to an altered immune response to commensal bacteria (248) , but it is a complex genetic disorder where multiple susceptibility genes interact with environmental factors conferring susceptibility to the development of IBD. Studies with monozygotic twins showed that 40 -55% of concordance rate for the development of CD and a relative risk of 800-fold greater than the general population. Interestingly, similar studies with UC patients did not reveal strong heritability with 10 -20% concordance rate between twins (93). This suggests that environmental factors, or genetic modification, such as epigenetic differences, are more relevant to UC than CD. GWAS performed to date together with meta-analysis of various GWAS involving CD and UC patients have identified over 100 genetic risk-conferring loci (13, 70) . These recent analyses did not only confirm associations to previously identified genes and immunological pathways (e.g, IL-23-and Th17-mediated pathways), but also discovered new unappreciated pathways such as autophagy (51, 94) .
One of the first genes to be associated with CD and still the one with the strongest effect size among all currently IBDassociated loci is NOD2 (16). Hugot et al. (118) performed a family-based microsatellite study with CD patients and mapped a susceptibility loci to a region on chromosome 16, which later was demonstrated to be strongly associated with a single gene, NOD2 (117, 217) . Initial sequencing analysis of the gene in patients with CD indicated a cytosine insertion at position 3020 in exon 11, that gives rise to a stop codon and a truncated NOD2 protein. This mutation is also known as 1007fs (NOD2 3020insC , "SNP13"). Two other major polymorphisms have been later identified in the NOD2 gene that also affect protein structure: R702W (NOD2 C2104T , "SNP8") and G908R (NOD2 G2722C , "SNP12"). These mutations account for 32, 18, and 31% of CD-associated variants, respectively. Additional rare NOD2 variants have been described and accumulatively account for 19% of CD cases in Caucasian population in Europe (163) . Interestingly, 93% of the variants are located in the leucine-rich repeat region, which is known to be involved in the recognition of ligands. Heterozygous individuals for NOD2 mutations have an odds ratio (OR) of 2.4, whereas homozygous or compound heterozygous (different mutations on each chromosome) have it increased to 17.1 in Caucasian population in Europe (163, 217) . Although NOD2 is strongly associated with CD and has the strongest effect size among other CD-risk genes in Caucasians, no association of NOD2 with CD has been demonstrated in Asian populations. Indeed, none of the major three NOD2 variants associated with CD has been found in 483 Japanese patients (290) . This provides evidence for the complexity of CD and that gene-gene and gene-environmental interactions are key in determining the size effect of genetic variants in CD patients of different ethnic groups.
Understanding the underlying mechanisms of NOD2 mutations to the development of CD are much desired to design drugs or new approaches to prevent and treat the disease. In vitro and in vivo studies in animal models have shown that the NOD2 frameshift mutation leads to an impaired response to MDP (81, 123, 138, 275) . Therefore, there are several possible explanations as to the pathogenesis of CD due to NOD2 mutation. Absence of proper NOD2 activity might result in persistent infection of macrophages, but no evidence of persistent intracellular infection of macrophages has been detected in CD. Alternatively, NOD2 activation is important in differentiating immune responses toward a Th2-like response and also critical during epithelia cell activation (74, 175) . Recognition of microbial products by epithelial cells leads to secretion of chemokines and defensins, which fails to do so in the absence of NOD2 signaling (140) . This might lead to proliferation of bacteria in the crypts and loss of barrier integrity allowing marked stimulation of mucosal cells by mucosal antigens (FIGURE 5). In addition, NOD2 response to microbial peptides conditions APCs in a way that leads to the induction and differentiation of Th17 immunity (78) . Thus NOD2 mutations are thought to contribute to an exacerbated inflammatory response towards commensal bacteria and to a poor epithelial repair, thereby disrupting mucosal homeostasis.
C. Autoinflammatory Diseases
Autoinflammatory diseases are clinical inflammatory disorders without the presence of autoantibodies or autoantigenspecific T and B cells (187) . Currently, autoinflammatory diseases are characterized by episodes of unprovoked inflammation, mediated predominantly by the cells and molecules of the innate immune system, with a significant host predisposition (132) .
Three of the autoinflammatory diseases, which are caused by autosomal dominant, gain-of-function mutations of the key inflammasome protein NLRP3, are as follows: MuckleWells syndrome (MWS), familial cold autoinflammatory syndrome (FCAS) (105) , and neonatal-onset multisystem inflammatory disease (NOMID) (5, 61) . The common clinical features of these cryopyrin-associated periodic syndromes (CAPS, also known as cryopyrinopathies) are recurrent fever and urticarial or erythema, resulting from excessive release of IL-1␤ (250).
FCAS is clinically defined by cold exposure-induced episodes of fever and urticarial skin rash, without hearing impairment (283) . MWS presents with febrile episodes not necessarily induced by exposure to cold temperature, but often with sensorineural hearing loss and systemic amyloidosis (131) . NOMID manifests urticarial rash not associated with temperature but with central nervous system involvement and a characteristic arthropathy (213) . However, re-cent clinical and case reports suggest a more continuous spectrum of phenotypes, in which MWS patients present features of FCAS and some family members that exhibit clinical manifestations of all three diseases (90, 98, 102) .
In an effort to identify the gene for FCAS and MWS, Hoffman et al. (105) screened exons for mutation in the 1q44 chromossomal region that had been previously linked to these diseases. Four distinct missense mutations in 1,753bp exon 3 (NOD domaind) of NLRP3 were identified segregating with the disease in three families with FCAS and one family with MWS: A439V, V198M, E627G, and A352V. These missense mutations were not found in unaffected family members or in random North American blood-bank samples, indicating that these mutations are not common polymorphisms. In addition, Crohn's FIGURE 5. Molecular mechanism underlying NOD2 mutation in Crohn's disease. Mutated NOD2 gene is unable to respond to bacterial MDP and trigger an appropriate inflammatory response in the gut. NOD2 is thought to be key for maintaining intestinal homeostasis by balancing immune responses to the gut microbiota. Mutations in NOD2 impact on the balanced gut immunity causing chronic inflammation driven by commensal and pathogenic microbes. The intestinal epithelial barrier becomes compromised leading to deregulated production of antimicrobial factors and bacteria escape through the epithelial barrier. Bacterial-induced NOD2 activation of the NF-B pathway: 1) NOD2 recognizes bacterial MDP (1* mutated NOD2 in Crohn's patients is unable to respond to bacterial MDP); 2) NOD2 undergoes conformational changes upon recognizing bacteria; 3) NOD2 forms a complex with RIP2; 4) RIP2 is polyubiquitinated by E3 ligases; 5) RIP2 along with NEMO (IKK complex) recruit TAK1, bound by TAB2/TAB3 to activate the ␤-subunit of the IKK complex; 6) phosphorylation of IB by IKK complex causes degradation of IB and subsequent release of NF-B; 7) NF-B enters nucleous and initiates transcription; 8) products of the NF-B pathway are packed into vesicles by the Golgi complex; and 9) cytokines are released from the cell.
NLRP3 was cloned and characterized as a 9-exon gene encoding a 3,105-bp cDNA with two potential start codons in exon 1. Further analysis revealed, however, extensive alternative splicing of exons 4 -8 that results in mRNA raging from 3,315 to 4,170 bp.
Another disease that has been linked to mutations in the NLRP3 gene is chronic infantile neurologic cutaneous articular (CINCA) syndrome. CINCA is also knows as neonatal-onset multisystem inflammatory disease, or NOMID, which is a rare congenital inflammatory disease characterized by a triad of neonatal-onset cutaneous symptoms, chronic meningitis, and joint manifestation with recurrent fever and inflammation (230, 231) . Analysis of disease segregation in families suggested an autosomal dominant inheritance pattern compatible with linkage to the NLRP3-containing genetic region on chromosome 1 (61) . Three studies investigated and sequenced NLRP3 exons in patients with CINCA and found heterozygous missense mutations. Although one study found seven distinct mutations in the exon 3 of NLRP3 in the seven patients studied (61) , two other studies confirmed the existence of mutations in exon 3 of the NLRP3 but also showed that about half of the patients did not carry mutations in exon 3 or elsewhere in the NLPR3 gene (5, 161) , suggesting genetic heterogeneity in CINCA. Frenkel et al. (71) reported, however, a missense mutation (Tyr859Cys) in exon 6 within the leucine-rich repeat domain of the NLRP3 in one patient with clinical symptoms of CINCA.
NLRP3 protein contains an ATP-binding cassette, which has now been confirmed as the major locus of CAPS-associated mutations. It has been reported that mutations in NLRP3 have bypassed a requirement for ATP in IL-1␤ production (76) . Therefore, mutated forms of NLRP3 are thought to have a tendency for spontaneous oligorimerization, leading to augmented activity of caspase-1 and therefore increased conversion of pro-IL-1␤ into its active form (250) . Knock-in MWS-associated mutations into the murine Nlrp3 locus supported this notion (28, 194) . On the basis of this mechanism, the common effective treatment for CAPS is either blocking IL-1 receptor (anakinra) (86), or targeting IL-1␤ directly [rilonacept (87) and canakinumab (10) ]. Although we have therapies at hand, further lines of investigation are still needed to elucidate the possible genotype-phenotype correlations in CAPS and the structural basis for disease-causing mutations (186) .
The role of NLRs in inflammatory processes mainly due to increased IL-1␤ production and activation of downstream inflammatory cytokines can also contribute to autoimmune diseases and other complex inflammatory diseases such as atherosclerosis and type 2 diabetes. For instance, features related to obesity like necrosis of adipocytes, "spill over" of lipids from the cell, increased levels of ceramides, saturated fatty acids, mitochontrial dysfunction, and release of ATP from necrotic adipocytes are thought to work as DAMPs that trigger the activation of inflammasomes and production of IL-1␤. As a consequence, the increase in IL-1␤ production directs adipocytes to a more insulin-resistant phenotype. The contribution of NLR-mediated inflammation in the development and progression of other complex inflammatory diseases has been extensively reviewed elsewhere (170, 184) .
D. Cancer
The role of NOD-like receptors in cancer development has been investigated in animal models and genetic studies. Although there is no formal evidence thus far that genetic polymorphisms in NLR promote the development of neoplastic cells, altered inflammatory pathways associated with these polymorphisms are believed to generate a more favorable environment to the development of cancer.
It has been shown that a proinflammatory microenvironment within the intestine of either NOD2-or RIP2-deficient mice enhanced epithelial dysplasia following DSS-induced injured. This susceptibility to DSS-induced cancer seems to be dependent on the microbiota (41) . The link of NOD2 with cancer development has also been demonstrated in a prospective noncardia gastric cancer cohort study, which is generally caused by inflammatory responses to H. pylori infections. Using two animal models of colon cancer, Chen et al. (36) showed that mice deficient in NOD1 are more susceptible to the development of colon cancer. A more comprehensive review of the association of polymorphisms in NOD1 and NOD2 with other cancer types can be found elsewhere (150) .
NLRP12 is a member of the NLR family that has been suggested to function as a negative regulatory molecule of inflammation. Studies on animal models of colitis and colorectal tumorigenesis showed that animals deficient in NLRP12 are more susceptible to colon inflammation and tumor development, which is associated with increased production of inflammatory cytokines and failure to control NF-B and ERK activation in macrophages (295) . Altered inflammatory pathway also seems to be the underlying mechanism by which animals lacking NLRP6 are more susceptible to inflammation-induced colon cancer (35, 114 ). The precise mechanism by which NLRP6 protects against colon tumorigenesis remains unclear. However, NLRP6Ϫ/Ϫ mice produce lower levels of IL-18, a cytokine that functions in damaged epithelial cell repair and has been shown to play a role in chemical-induced colorectal cancer (54, 247, 258) , but whether this impairment of IL-18 production underlies increased tumor development remains to be determined. Intriguingly, wild-type mice cohoused with NLRP6Ϫ/Ϫ mice showed exacerbated colon cancer formation compared with singly housed wild-type mice, which is dependent on CCL-5. This suggested that dysbiosis mediated by disruption of the NLRP6 signaling pathway drives an inflammatory milieu favorable to the development of colorectal cancer and that microbiota components may transfer cancer susceptibility between individuals (114).
Similar to NLRP6, NLRP3 mediates protection against colitis-associated tumorigenesis, which also correlates with decreased production of IL-18 in NLRP3Ϫ/Ϫ mice (8, 294) . Interestingly, in bone marrow chimera experiments, NLRP3 expression is important in hematopoietic rather than in the epithelial compartment to mediate protection against tumor formation.
Although the NLRs cited above seem to play a role in susceptibility to colorectal cancer development by disrupting the homeostasis of the gastric epithelial barrier and exacerbating inflammation in the intestine, NLRC4 may regulate tumorigenesis independently of inflammation. Hu et al. (113) showed that NLRC4Ϫ/Ϫ mice develop more tumors in the AOM/DSS model, which was unrelated to inflammation. Furthermore, colitis severity in NLRC4Ϫ/Ϫ mice was no different from that observed in WT mice. Instead, NLRC4 deficiency increased epithelial proliferation and reduced apoptosis in advanced tumors, which was shown to be mediated by NLRC4 expression on the nonhematopoietic cell compartment in bone marrow chimera experiments (113) . However, one study did not find a role for NLRC4 in development of colitis-associated tumors (8) , and it is possible that differences in the gut microbiota in different animal facilities might account for the different outcomes. It is conceivable that susceptibility to colorectal cancer mediated by NLR is linked to defective innate immune responses that contribute to enhanced bacterial colonization and subsequent higher levels of inflammation, creating a propitious milieu to dysplasia.
Recently, our lab has identified a role for NLRX1 in the control of apoptotic cell death sensitivity in transformed but not primary cells, suggesting a link between NLRX1 and tumorigenesis (259) . In addition, our data reveal that NLRX1-deficient mice exhibit resistance to colorectal cancer in an AOM model but increased susceptibility to AOM/ DSS-induced carcinogenesis, which was associated with increased apoptosis induced by DSS. Interestingly, the opposite effects in these two cancer models have also been reported in MyD88-deficient mice (247) . It is possible that the control of apoptosis by NLRX1 accounts for our seemingly opposite effects in the two cancer models examined. Furthermore, a recent study by Jaworska et al. (125) demonstrated that NLRX1 controls viral-induced apoptotic cell death in macrophages by sequestering a pro-apoptotic viral protein. Together these studies provide evidence that NLRX1 may serve as a potential therapeutic target in cancer through the regulation of apoptotic pathways.
E. Conclusion
Our understanding of NLR receptors has grown exponentially over the past decade, as NLR receptors have been shown to be versatile intracellular receptors that have crucial functions in a wide variety of biological and disease processes. Initial studies described NLR receptors as important molecules in the recognition and initiation of immune responses to intracellular pathogens. However, recent evidence provides a critical role of NLR receptors in distinct physiological processes, suggesting their importance beyond host-pathogen interactions. For instance, NLRP3 responds to a variety of stimuli associated with cellular stress and promotes sterile inflammation. Expression of NLRP5, NLRP7, and NLRP2 is detected in embryos and associated with developmental processes. Importantly, NLR-like genes are found in certain invertebrates, providing evidence of an ancient family of receptors that may have undergone natural selection. Indeed, population genetic studies point to evidence of NLR receptors that have evolved either under strong selective constraints or under more relaxed selection, i.e., receptors playing essential roles with overall deficit of functional diversity, and others with more redundant functions. The ability of NOD2 and NOD1 to drive differentiation of Th responses towards Th2-like demonstrated the importance of NLRs in bridging innate-adaptive immune response, and more importantly in our understanding vaccine design or unbalanced Th1/Th2 associated pathologies. In addition, NOD1 and NOD2 are key players in maintaining homeostasis in the gut via balanced responses to commensal bacteria, and mutations in these genes are associated with CD and intestinal bowel disease.
Despite extensive studies on NLRs, the trigger and physiological function remain unknown for many of the NLR family members. Considering the relative size of the NLR family and the diverse functions exerted by its members, it will be of great interest to unravel potential new biological functions and molecular mechanisms governed by this family.
Most of the NLR knockout mouse strains are viable and have shown no obvious phenotypes in steady-state conditions, even though the deleted NLR receptor plays a crucial role in fundamental physiological processes like autophagy, apoptosis, and NF-B pathway. This suggests that NLRs are likely to have overlapping functions and can compensate for each other. In addition, it argues that NLRs might function in a stimulus and cell type-specific manner. While this may limit information from animal studies, it could still provide unique opportunities to unravel molecular mechanisms that fine tune fundamental biological processes in a cell type-or stimuli-dependent manner. Ultimately this could be advantageous in the development of more specific therapeutics that prevent off targeting affects, which are detrimental for the host.
NLRs: CYTOSOLIC SENTINELS
It is, therefore, tempting to speculate that NLRs have evolved beyond host-pathogen interactions and may provide a unique platform to fine tune fundamental physiological pathways such as apoptosis, cellular metabolic stresses, developmental processes, sterile inflammation, antigen presentation, and autophagy.
